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Abstract 
Na0.5Nd0.5Bi4Ti4O15 (NNBT) and pure SrBi4Ti4O15 (SBT) ceramics are prepared by sol gel method based on pechini process 
and their results are compared. Lowering of the sintering temperature and densification of the ceramics are obtained by 
making use of this fabrication method. The positions of the X-ray diffraction peaks are in good agreement with that of 
standard orthorhombic pattern. There is a decrease in the lattice parameter values and increase in the orthorhombicity with 
double ion doping suggesting strong structural distortion with the substitution of lower ionic radii ions.  The microstructural 
features analyzed through Scanning electron microscopy show grains in the form of platelets. Measurements of dielectric, 
ferroelectric and electromechanical properties are conducted. The incorporation of smaller Na and Nd in Sr site increased 
Curie temperature from 823K to 923K, decreased dielectric constant at Curie temperature from 2336 to 737 and also 
decreased room temperature dielectric loss from 0.051 to 0.024 measured at 10kHz frequency. There is a decrease in 2Pr 
value from 19.6ȝC/cm2 to 2.8ȝC/cm2 and coercive field value from 85.3kV/cm to 45.2kV/cm with doping showing doping 
affect on the polarization phenomenon. The electromechanical coupling factor values (kt and keff) for pure sample are 0.47 
and 0.44 respectively while for doped sample are 0.76 and 0.72 respectively. High electromechanical coupling factor values 
show that piezoelectric properties are greatly improved by such substitution. Impedance analysis indicates that the 
conduction in the present samples occurs through grain and grain boundaries. Results are correlated with defect structure 
caused by doping. Low dielectric loss, high Curie temperature and high coupling factor values make these materials 
promising piezoelectric materials for high-temperature applications. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the International Conference on Nanomaterials and Technologies (CNT 2014). 
Keywords: Double ion doping; Dielectric; Ferroelectric; Piezoelectric; Impedance. 
* Corresponding author. Mobile: 9959562810. 
E-mail address: drrizwana1@gmail.com 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the International Conference on Nanomaterials and Technologies (CNT 2014)
29 Rizwana and P. Sarah /  Procedia Materials Science  10 ( 2015 )  28 – 36 
1. Introduction 
 
Aurivillius oxides are a family of compounds with layered structure consisting of the regular intergrowth of 
[Am-1BmO3m+1]2- perovskite-like slabs and [Bi2O2]2+sheets. In general, A is a mono, di or trivalent ion or a mixture of 
them, B represents a small sized cation with a high valency and m is the number of perovskite mono-octahedral 
layers in between the Bi-O. These bismuth materials are extensively being studied for their dielectric and 
ferroelectric properties as a function of composition by Aurivillius (1949). 
Sol gel ceramics often have a very high specific surface area and an extremely small grain size just after 
drying and even after heat treatments during calcinations. Hence sintering and grain growth tend to be vigorous in 
these processes. During sintering, this specific surface area decreases. The ferroelectric and dielectric properties can 
be improved due to the grain refinement found in sol gel. Densification is controlled by atomic diffusion at grain 
boundaries in the vapor phase inside the pores of the material during sintering. Thus densification is favored by 
small grain sizes. 
The electrical properties of low conductivity materials and electroceramics can be analyzed by a useful 
technique Impedance spectroscopy by Suchanicz (1998). It will not only separate out the grain boundary and grain 
effects but also useful in establishing the space charge polarization and its relaxation mechanisms by appropriately 
assigning different values of resistance and capacitance to the grain and grain boundary effects by Mahesh Kumar 
and Ye (2001). Depending on the species of charge present, the microstructure and the texture and nature of the 
material, the electrical response of a material can vary substantially. When material is electrically stimulated, a 
multitude of fundamental processes take place throughout the ceramic material leading to the overall electrical 
response. They include the transport of electrons through the electronic conductors, the transfer of electrons at the 
electrode-material surface interfaces to or from charged or uncharged atomic species which originate from the 
ceramic materials and its atmospheric environment (oxidation and reduction reactions) and the flow of charged 
atoms or atom agglomerates via defects in the ceramic. 
In the present study, ceramics SrBi4Ti4O15 and Na0.5Nd0.5Bi4Ti4O15 are prepared by sol gel method and detailed 
properties study along with impedance analysis is done to analyze the effect of doping on structure of this material. 
 
2. Experiment 
 
In the present work, materials
 
Na0.5Nd0.5Bi4Ti4O15 (NNBT) and pure SrBi4Ti4O15 (SBT) are synthesized by 
the modified polymeric precursor method based on the Pechini process (sol gel method). Strontium Nitrate (purity 
99+%, Aldrich), Bismuth (III) Nitrate (Purity 98+%, Aldrich), Titanium Dioxide (Purity 99.9+%, Sigma Aldrich, 
Sodium Carbonate (Purity 99+%, Aldrich), Neodymium (III) Oxide (Indian Rare Earths Limited) are employed as 
the starting cation sources. Stoichiometric metal salt solution in nitrate form is made. This solution is thoroughly 
mixed using a stirrer. To this metal salt solution, citric acid is added in 1:1 ratio for the chelation of metal cations. 
The pH of this solution is adjusted between 6-7 by adding liquid ammonia. The polymerization is then promoted by 
the addition of ethylene glycol in the ratio 1:1.2 of the metal cations. This solution is heated at 100oC for the 
polyesterification reaction, which results in a fine powdery mass. This powder is heated at 800°C for 3hrs. Powder is 
pressed into cylindrical pellets and SBT and NNBT pellets are finally sintered at 1200°C and 1000°C for 3 hrs. 
Phase identification is done from (PW3040/60 X'pert PRO) X-ray powder diffractometer using CuKĮ 
radiation for a wide range of Bragg angles 2ș (10o2ș80o) at a scanning rate of 2o/minute. A microstructure graph 
of the samples is obtained using Scanning Electron Microscope (SEM) of model LEICA S430. 
Dielectric data is obtained at different frequencies from the Impedance data, which is measured using 
AUTOLAB PGSTAT 30 low frequency impedance analyzer. For the present samples, Dielectric data is presented at 
five different frequencies 10 kHz, 50 kHz, 100 kHz, 500 kHz and 1MHz in the temperature range RT-923K. The 
remanent polarization and coercive field at room temperature is obtained from polarization vs. electric field loop 
measurement on unpoled ceramic samples of diameter approximately 10mm and 0.7mm thickness using local made 
ferroelectric testing system built based on sawyer-tower circuit. The maximum operating voltage of this system is 
4kV and frequency is 50Hz. The capacitance as a function of frequency at room temperature is measured using 
HP4194A impedance analyzer. From this data, thickness electromechanical coupling factor (kt) and effective 
electromechanical coupling factor (keff) are determined from the resonance (fr) and antiresonance frequency (fa) 
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using ANSI/IEEE standards on piezoelectricity.  
Impedance measurements over a wide range of temperatures (300K to 900K) and frequencies (1KHz to 
1MHz) are made using AUTOLAB PGSTAT 30 low frequency impedance analyzer interfaced to a PC through 
IEEE card and on line data acquisition is made using frequency response analyzer software. Equivalent circuit 
modeling is done using the equivalent circuit simulation software provided with the AUTOLAB PGSTAT 30 Low 
Frequency Impedance Analyzer. 
 
3. Results and discussion 
 
The room temperature X-ray diffraction (XRD) patterns taken on calcined powders of the prepared samples 
as shown in fig’s 1(a) & 1(b) revealed that there are no observable secondary phases indicating the formation of 
complete single phase SBT. The positions of the diffraction peaks are in good agreement with that of standard 
orthorhombic pattern by Guo and Wu (1980) and Zheng Liaoying et al. (2003) indicating that the A-site 
substitutions done in the present work do not affect the layered structure. The maximum intensity is observed 
approximately at 30o of 2ș value, corresponding to (1 1 9) reflection, which is also observed in the parent 
compound. The main peak (1 1 9) at 30o of 2ș value in the XRD patterns shifts slightly towards lower 2ș values 
whereas the other intensity peaks move towards higher 2ș with replacement of Na+ and Nd3+ for Sr2+ site causing 
decrease in unit cell dimensions. The shift of (1 1 9) peak is due to increase in the lattice space d(1 1 9) upon doping of 
smaller ions (Na & Nd) in Sr site by Jun Zhu et al. (2003).  
Fig. 1. X-ray Diffractogram of (a) SBT; (b) NNBT samples 
 
Lattice parameters for the samples prepared are calculated from the XRD data and are listed in Table 1. 
With doping, a decrease in a, b, c, lattice parameters and volume V is observed. There is also an increase in the 
orthorhombicity defined as 2(a-b)/(a+b) and decrease in the orthorhombic distortion (b/a) on doping. The intrinsic 
microcrystalline characteristics of these compounds are reflected by these lattice parameters by Jun Chen at al. 
(2005). The distortion of the perovskite layers and the size mismatch between the (Bi2O2)2+ and the perovskite layers 
are related to the instabilities of the layer structure by Armstrong and Newnham (1972). When two or more unlike 
atoms unite to form a chemical compound, the kind of structure formed is dependent on the relative sizes of the 
atoms involved. The perovskite tolerance factor‘t’ estimates the degree of distortion. The crystal structure of the 
compound, the degree and type of octahedral tilting present at room temperature is influenced by factor ‘t’ by 
Reaney et al. (1994). The factor ‘t’ is calculated using the relation t = (RA + Ro)/[ 2 *(RB + Ro)]. Here RA is the 
average ionic radius of A site cations, RB is the average ionic radius of B site cations and Ro is the ionic radius of 
oxygen ion.  The ionic radii of Sr2+, Na+, Nd3+ and Bi3+ cations are 1.58 A0, 1.53 A0, 1.41 A0
 
and 1.31 A0 
respectively by Barsuom (1997). The tolerance factors of SBT and NNBT are 0.938 and 0.925 respectively. There is 
a decrease in the tolerance factor due to enhanced rotation of TiO6 octahedra without the enhancement of the whole 
shift of perovskite blocks with respect to (Bi2O2)2+ layers along the a axis by Yuji Noguchi et al. (2001). 
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Table 1 Crystal parameters  
 
Sample         Lattice parameters (A0)     Volume (A0)3 Orthorhombic             Orthorhombicity 
                           a               b                c                                             distortion (b/a)                2(a-b)/(a+b) 
SBT                5.476      5.491         42.222              1269.6                        1.003   0.003 
NNBT            5.361       5.327         41.339             1180.7                        0.994                            0.007 
 
Decrease in sintering temperature with doping shows that the lower ionic radii dopants (Na & Nd) have 
decreased the sintering temperature. This is because the firing temperature increases with the increase in radius of 
the substituted atom by Haixue Yan et al. (2000). 
The microstructural features of SBT and NNBT sintered pellet analyzed through Scanning electron 
microscopy are shown in fig’s. 2(a) & 2(b) respectively. The SEM images show grains in the form of platelets. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. SEM of (a) SBT; (b) NNBT
 
pellet at 10 k magnification 
 Fig. 3. shows the thermal variation of dielectric constant at different frequencies for SBT and NNBT 
samples. As can be seen from the figure, only sharp peaks are observed for SBT and NNBT sample does not show 
any peak as its transition temperature is beyond the measured temperature range (RT-923K). The Curie temperature 
Tc for SBT and NNBT is found to be 823K and 923K respectively. As‘t’ decreases the structural distortion increases 
and Tc increases by Donaji et al. (2001). Generally, ferroelectrics doped with smaller A-site ions lead to large ionic 
displacement resulting in high Curie temperature. This could be due to the large rattling space for the B-site cations 
in the center of perovskite units.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Variation of Dielectric constant as a function of temperature at different frequencies for (a) SBT; (b) NNBT samples 
The value of dielectric constant at room temperature at 10 kHz for SBT and NNBT is found to be 408 and 
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184 where as its value at Tc (İTc) is found to be 2336 and 737 respectively. There is decrease in dielectric constant 
with doping of (Na+ and Nd3+) in original site ion (Sr2+) due to decrease in both electronic and ionic polarization. 
Ionic polarization is strongly dependent on the crystal structure and its lattice parameters. In the crystal structure, the 
substitution of Na and Nd for Sr causes pronounced stresses in the perovskite units resulting in increased mismatch 
between the perovskite unit and Bi2O2 layer. This results in a large distortion in the TiO6 octahedra by Yuji Noguchi 
et al. (2001). 
Fig. 4. shows the variation of dielectric loss as a function of temperature (RT-923K) at five different 
frequencies 10 kHz, 50 kHz, 100 kHz, 500 kHz and 1 MHz for SBT and NNBT samples. These samples showed 
very low dielectric loss. Dielectric loss does not change appreciably with increase in temperature. But once 
temperature is above Tc, there is an abrupt increase in the dielectric loss caused by an increase in electrical 
conductivity at high temperature. Conductivity increases at high temperatures due to defects and vacancies by Naoto 
Hirosaki et al. (2002). The value of dielectric loss at room temperature for SBT and NNBT is found to be 0.051 and 
0.024 respectively. Low loss in NNBT shows that doping has helped in densification. It is observed that dielectric 
loss increased with increase in frequency.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Variation of Dielectric loss as a function of temperature at different frequencies for (a) SBT; (b) NNBT samples 
 
Fig.  5. shows the polarization vs. electric field loop for SBT and NNBT samples. Hysteresis loop obtained 
is not fully saturated as the domain rotation is not very easy in layered structured ferroelectrics. The remnant 
polarization 2Pr and coercive field 2Ec values for SBT are 19.6 ȝC/cm2 and 85.3 kV/cm respectively where as 2Pr 
and 2Ec values for NNBT are 2.8 ȝC/cm2 and 45.2 kV/cm respectively. It is observed that remanent polarization and 
coercive field decreased with doping of smaller ions Na and Nd. In the present work, defects must have been created 
because of substitution of different valence cations (Na+ and Nd3+) for Sr2+ ion and also oxygen and Bismuth 
vacancies are formed during sintering at high temperature. This results in domain pinning which restricts easy 
switching of domains and thus decrease in polarization by Choi et al. (2004). Structural inhomogeneities play very 
important role on polarization phenomenon.
Capacitance vs. frequency plots for SBT and NNBT samples are shown in Fig. 6. The resonant (fr) and 
antiresonant (fa) frequency for SBT are 25.8MHz and 28.7MHz respectively where as fr and fa for NNBT are 
20.8MHz and 30.4MHz respectively These frequencies are found to change with doping as they are dependant on 
the microstructure, temperature, type and concentration of dopants. Measurement of characteristic resonant and anti-
resonant frequency helped us to evaluate the electromechanical properties. The values of thickness (kt) and effective 
electromechanical factor (keff) for SBT are 0.47 and 0.44 respectively where as for NNBT are 0.76 and 0.74 
respectively.  Doped NNBT has resulted in very high coupling factor values which show that structural mechanism 
plays very important role on piezoelectric performance. Since this ceramic has a very high electromechanical 
transforming efficiency, it can have many high power energy efficient applications. 
200 400 600 800 1000
0.0
0.2
0.4
0.6
0.8 a
D
ie
le
ct
ric
 
lo
ss
Temperature (K)
 1MHz
 500kHz
 100kHz
 50kHz
 10kHz
200 400 600 800 1000
0.0
0.2
0.4
0.6
0.8
1.0
b
D
ie
le
ct
ric
 
lo
ss
Temperature (K)
 1MHz
 500kHz
 100kHz
 50kHz
 10kHz
33 Rizwana and P. Sarah /  Procedia Materials Science  10 ( 2015 )  28 – 36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Polarization vs. Electric Field loops for (a) SBT; (b) NNBT samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Capacitance vs. Frequency plots for (a) SBT;  (b) NNBT samples 
The loss peak as a function of frequency for SBT and NNBT are shown in Fig. 7. This loss factor going 
through a maximum for every polarization mechanism is due to the dissipation of field energy as frictional heat 
when the bound charges or dipoles or space charges move towards the polarized direction. 
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Fig. 7. Dielectric loss vs. Frequency plots for (a) SBT; (b) NNBT samples 
Fig. 8. show the complex impedance diagrams drawn between imaginary part of impedance (Z") and real 
part of impedance (Z') for measurements acquired at temperature 923K over a wide frequency range (100Hz-1MHz) 
for SSBT and NNBT samples. In this diagram, each experimental value corresponds to a frequency value. The 
semicircle diameter expresses the electrical resistivity of the sample at the specified temperature and the maximum 
value corresponds to the relaxation frequency ȦĲ = 1/RC. The value of series resistance is taken into account as 
these plots have a non-zero high frequency intercept. 
Fig. 8. Z' vs. Z" plots (experimental and fitted curves) for (a) SBT; (b) NNBT samples 
 
Cole-Cole plots for SBT and NNBT show that there are two contributions related to microstructural 
inhomogeneity – grain and grain boundary. No other relaxation mechanism, such as the electrode effect and ionic 
species diffusion, is identified for the analyzed frequency range. This observation can be confirmed from the 
Scanning Electron Micrographs taken on the sample surfaces. These micrographs showed microstructure comprising 
of polycrystalline grains in the form of plates separated from each other by well-defined grain boundaries. 
Fig. 8. shows the fitted and experimental curve at temperature 923K for SBT and NNBT samples. Good 
agreement between the experimental and fitted curves is observed for these samples. In the impedance spectra, the 
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higher frequency response is attributed to the grains and the lower one to the grain boundaries. The conduction 
mechanism in the present samples is basically dominated by grain boundary conduction through hopping electrons 
created due to oxygen vacancies by Sambasiva Rao et al. (2006). 
As it can be seen from the Tables 2 & 3, Series resistance (Rs) measured in the temperature range 773K-
923K for SBT shows a decrease in its value initially with increase of temperature. Around Curie temperature, Rs 
started increasing with increase in temperature. It is also seen that Rs value increased with doping of Na and Nd.  
Table 2.Grain and Grain boundary parameters for SBT sample. 
Temperarure Series Grain                      Grainboundary Grain          Grainboundary 
     (K)         Resistance Rs (ȍ)   Resistance Rg (kȍ)    Resistance Rgb (kȍ)      Capacitance Cg (nF)     Capacitance Cgb (nF) 
    773                             226          10.3                  321.0 0.64    0.31 
     798                            152                                 6.89                 181.7 0.83    0.47 
     848                            167                                28.35                 201.3 0.61    0.52 
      873                           216                                 25.15                           249.5 0.55    0.32 
      898                           367                                 11.69                          192.2 0.61      0.22 
      923                           502                                 2.77                            113.1 0.14    0.16 
  
Table 3. Grain and Grain boundary parameters for NNBT sample. 
Temperarure Series Grain                      Grainboundary Grain          Grainboundary 
     (K)         Resistance Rs(ȍ)   Resistance Rg (kȍ)    Resistance Rgb (kȍ)     Capacitance Cg (nF)      Capacitance Cgb (nF) 
    773                             326            70.9                  898.0   0.3    0.28 
     798                           295.6                                 61.9                 662.0 0.29    0.32 
     848                           244.1                                 20.4                 203.2 0.36    0.34 
     873                           232.9                                 12.9                            126.5 0.39    0.36 
     898                           208.6                                 9.31                            71.6 0.42      0.43 
     923                           187.1                                  5.91                           39.0 0.48    0.52 
 
It is also observed from the Tables 2 & 3 that there is an increase in the values of grain and grain boundary 
resistances with doping of Na and Nd. This shows that the conduction in the grain and grain boundary is effected by 
the doping. Double substitution of lower valence ion Na+ and higher valence ion Nd3+ in place of Sr2+ site may have 
increased complexity and localized charged defects at lattice sites in grains. Also doping may have lead to the 
formation of some oxygen vacancies to maintain the electroneutrality. These vacancies may be the reason for the 
change in the grain and grain boundary resistance values with doping by Rizwana and Sarah (2014). 
The grain (Cg) and grain boundary capacitance (Cgb) with temperature in the range 773K-923K for SBT 
and NNBT is also shown in Tables 2 & 3. It is observed that grain capacitance is greater than the grain boundary 
capacitance in SBT sample. This is again attributed to the defects formed during the high temperature sintering of 
the samples which results in formation of barrier layers at the grain-grain boundary interface. Beyond Curie 
temperature, both Cg and Cgb decreases because of decrease in the net polarization ferroelectric domains by Sinclair 
and West (1989). 
 
4. Conclusions 
 
Na0.5Nd0.5Bi4Ti4O15 (NNBT) and pure SrBi4Ti4O15 (SBT) are synthesized by the modified polymeric precursor (Sol 
gel) method. With doping, a decrease in a, b, c, lattice parameters and volume V is observed. There is also an 
increase in the orthorhombicity and decrease in the orthorhombic distortion on doping. The reason being decrease in 
the tolerance factor due to enhanced rotation of TiO6 octahedra without the enhancement of the whole shift of 
perovskite blocks with respect to (Bi2O2)2+ layers. There is also decrease in sintering temperature with doping. As 
ferroelectrics doped with smaller A-site ions result in large ionic displacement, their Curie temperature increases. 
Decrease in dielectric constant with doping is due to pronounced stresses in the perovskite units thereby decreasing 
both electronic and ionic polarization. Low loss in NNBT shows that doping has helped in densification. Remnant 
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polarization and coercive field decreased due to structural inhomogeneities caused by formation of defects and 
vacancies, thereby decreasing polarization due to domain pinning. Impedance spectroscopy study on these materials 
has helped to discuss effect on doping on grain and grainboundary parameters. Doped NNBT material because of 
low loss, high Curie temperature and high coupling factor values can find application in high temperature 
electromechanical devices. 
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